Abstract-Soil accumulation on photovoltaic (PV) modules presents a challenge to long-term performance prediction and lifetime estimates due to the inherent difficulty in quantifying small changes over an extended period. Low mass loadings of soil are a common occurrence but remain difficult to quantify. In order to more accurately describe the specific effects of sparse soil films on PV systems, we have expanded upon an earlier technique to measure the optical losses due to an artificially applied obscurant film. A synthetic soil analog was sprayed onto glass coupons at very brief intervals with a high-volume, low-pressure pneumatic sprayer. Light transmission through the grime film was evaluated using a quantum efficiency test stand and UV/vis spectroscopy. A 0.1-g/m 2 grime loading was determined to be the limit of mass measurement sensitivity, which is similar to some reports of daily soil accumulation. Predictable, linear decreases in transmission were observed for samples with a mass loading between 0.1 and 0.5 g/m 2 . A similar change was observed for soiled coupons from an outdoor monitoring station. Collected soil from the field coupons was analyzed to develop a compositional analog for indoor studies. Natural and synthetic soils produced similar decreases in transmission.
I. INTRODUCTION
G RADUAL soil accumulation on photovoltaic (PV) modules presents a challenge to long-term performance prediction due to the inherent difficulty in quantifying small changes over an extended period. Most of the available information on the effects of soil has been collected during the operation of installed arrays. Predictive estimates are not typically available for specific sites, so rough estimates are used in long-term models [1] . Thevenard and Pelland [1] noted that uncertainty in the performance evaluation of large systems is particularly problematic to assess economic viability. The authors selected a 3% soiling derate factor with 2% uncertainty for their model, but noted that their estimates could be improved with a better understanding of soiling losses. A more clearly defined range of potential soil accumulation is needed. An upper limit to the loss in transmission due to soiling was reported by Elminir et al. [2] . After a certain threshold, the surface is sufficiently saturated to make the effect of additional particulates insignificant. The upper limit observed by Elminir et al. [2] has been experimentally described by Beattie et al. [3] as a function of particle stacking. The authors applied sand particles with a narrow size distribution to glass surfaces. They found that particle clustering influences the total obscured area of the slide as an exponential function. This clustering effect is likely responsible for the observation by Mani and Pillai [4] , who note that "dust promotes dust." Except in the case of extreme weather conditions [5] , it is unlikely that fielded PV systems would be allowed to reach a fully obscured condition. Low soil mass loadings represent a much more common, albeit difficult to quantify, occurrence. Soiling models appropriate for heavy mass loadings do not agree well with models describing lighter loadings [6] . Measurements of light transmission through soiled glass (haze) have been described by Alfaro et al. [7] as dependent upon the density of the accumulated soil film. Sparse soil films exhibited a nonlinear change in haze, making prediction difficult at low mass loadings. Measurements on assembled PV modules would likely be more difficult, as direct transmission measurements are not feasible. As a result, the minimum detectable soil level has not been quantified, leaving few options to describe the amount of soil on a fielded system. Reflectance measurements on module surfaces have been reported [8] , [9] ; however, a direct correlation between the amount of soil and reduction in performance was not made. Operators typically resort to time intervals to describe soiling, which is highly variable.
In order to more accurately quantify the specific effects of sparse soil films on PV systems, we have expanded upon an earlier technique [10] , [11] to measure the optical losses due to an artificially applied obscurant film. This study builds upon work presented at the 40th PVSC [12] to include a study on outdoor field sample collection and replication of these samples with the artificial soiling technique. Sample coupons collected in Commerce City, CO, USA, over a period of 2-4 weeks were evaluated using the same instrumentation as was used for the synthetic grime coupons. The collected soil was analyzed by Xray fluorescence (XRF) and X-ray diffraction (XRD) to determine chemical and mineralogical composition, and a synthetic analogue was formulated to match. Two significant factors must be considered to effectively evaluate light transmission through thin soil films. First, accurate measurement of the mass and obscured area is essential. Second, the optical effects of the soil and cover glass must be considered. We have found that accurate measurement of soil on glass coupons can provide detail to 0.1 g/m 2 . This soiling level corresponds to 2-3 days of natural soil accumulation at the Commerce City sampling location (39.8258
• N, −104.9375 • W) in Colorado. A soil simulant was developed to replicate the composition of the naturally deposited soil.
II. EXPERIMENTAL METHODS
Light transmission through very low mass loadings of soil was evaluated by examining glass coupons with a known quantity of grime obscuring the surface. Spectral transmission measurements were complimented with spectral reflection measurements.
A. Grime Application
The clean test coupon was weighed with a 0.00001-g resolution balance (Mettler Toledo XP205), and placed at a 45
• angle inside a filtered spray chamber. A synthetic soil, termed grime, consisting of 97% AZ road dust (A2, Powder Technology Inc.) and 3% soot (in-house blend, [10] ) in acetonitrile carrier solvent was sprayed onto the test coupon at very brief intervals. The base nonspectrally responsive grime [10] was used in order to establish a baseline for particle size effects and area coverage. Suspension densities from 10 to 20 g/l were used to control the particle deposition rate on each coupon. Dense solutions resulted in spotted patterns, while dilute solutions produced a lighter more uniform pattern. In earlier work [11] , the spray applicator was swept from right to left to apply a uniform heavy coat across the entire surface of a large coupon (13.5 × 5.5 cm) This step has been modified in this study to produce very light coatings. Instead of sweeping the applicator, it was held over the center of a smaller (4.5 × 5.5 cm) coupon, while a brief spray (∼ 1 s) was applied. The acetonitrile carrier solvent evaporated quickly, ensuring uniform particle dispersion over the glass surface when lightly coated. Particle aggregation was noted on heavily coated coupons. Coupons were weighed in triplicate and averaged.
The area of each glass coupon was determined by imaging the sample with a 1:2-mm drafting scale included in the field of view. Each image was imported into ImageJ [13] and calibrated using the length of the drafting scale in the image. The autolevel and autocontrast adjustments were used to enhance the edges of the sample. The glass was outlined by hand and the area was calculated as illustrated in Fig. 1(b) . Each image was reopened, calibrated, and measured in triplicate to provide a sample standard deviation. The area coverage was determined by imaging the top, middle, and bottom region of each coupon. Images were collected at 2.52× magnification using an Olympus IX71 microscope equipped with a DP72 camera. Area coverage was determined using an automated image analysis script to locate and measure each particulate.
B. Outdoor Sample Collection
Field samples were collected on 10 cm × 10 cm × 0.48 cm soda-lime glass coupons as described in [6] and [14] . The coupons were cleaned and then weighed with a Sartorius analytical balance (accuracy = 0.0001 g) after equilibrating at a temperature of 25 ± 2
• C and relative humidity of 35% ± 15% for a minimum of 24 h. Coupons were deployed at Commerce City, CO, USA, for 2-4 weeks at tilt angles of 0
• and 40
• . Samples were in the field between March and May 2014. Collected samples were placed behind a clean glass cover sheet, and the edges were carefully sealed with PTFE tape prior to shipment to Albuquerque, NM, USA, for analysis.
The sealed coupons were delicately disassembled to minimize disturbance to the accumulated soil film. Mass loss in the shipping process was found to be below the uncertainty in the mass of accumulated particles. Each coupon was subdivided into quadrants to facilitate optical analysis. Chemical composition was determined by XRF using a Bruker M4 micro-XRF instrument operated at 50 kV 250 μA. A 25-μm spot size was employed and scanned over a 6 × 6-mm scan area. Mineral phases were identified using XRD. Standard diffraction patterns were collected on a conventional Siemens D500 θ − θ diffractometer equipped with a sealed-tube copper X-ray source and diffractedbeam graphite monochromator. X-ray generator settings were 45 kV and 30 mA. The weight fraction of organic/volatile components was investigated by thermogravimetric analysis (TGA; TA SQ500) to 600 at 20
• C/min in a 60:40 blend of nitrogen and air. A simulated grime blend was formulated to match the field collected sample using 64.7% AZ road dust, 1.6% soot, 19.9% muscovite (research mineral, Ward's Scientific), 13.8% CaCO 3 (Certified ACS grade, Fisher Scientific), and 7.8% göthite (inhouse, [11] ).
C. Testing
Light transmission through the grime film was evaluated using a quantum efficiency (QE) test stand and UV/vis spectroscopy. QE measurements were collected with three readings per wavelength on a PV Measurements QEX-10 at 10 nm increments over an interval from 300 to 1250 nm. The stage height was adjusted to 21.6 cm in order to focus the sample spot on a multicrystalline Si cell with a baseline efficiency of η = 16%. Triplicate measurements were collected by positioning the coupon in various positions over the test device. Spectral transmission and reflection measurements were collected with a Varian Cary 5000 UV/vis/NIR spectrophotometer equipped with a DRA-2500 diffuse reflectance accessory. The instrument was operated at 1-nm resolution in the UV/vis range (300-800 nm, 600 nm/min) and 4-nm resolution in NIR range (800-1200 nm, 2400 nm/min). The slit bandwidth was fixed at 3 nm for UV/vis, while the NIR energy was set at 10. Data collection was repeated in triplicate for each coupon.
III. RESULTS AND DISCUSSION

A. Low Grime Loading
Due to the very small sample mass, accurate measurements were essential to this study. Each coupon was weighed in triplicate, and the specific area of the glass coupon was determined by image analysis as shown in Fig. 1 . The repeatability of the area measurement was determined by recalibrating and measuring the same image in triplicate. Since the soil coating was so light, automated analysis by image contrast was not feasible. The area was outlined by hand, then measured using ImageJ software.
Particle size was not directly controlled in this study. Instead, a single test grime was diluted in varying amounts of carrier solvent to control particle agglomeration on the glass surface. This practice emulates natural soil accumulation under both gradual and forced (i.e., light rain) deposition regimes.
B. Measured Response to Low Mass Loadings of Grime
The transmission through applied grime films was evaluated using QE and UV/vis spectroscopy. Each instrument provided spectral behavior at each of the points interrogated by the instrument beam. In order to compare between the two techniques (see Fig. 2 ), the spectral data (e.g., Fig. 3 ) was integrated to provide a single value. Any point with a standard deviation greater than 25% of the average value was not included. Reliable measurements could not be obtained for mass loadings below 0.1 g/m 2 . As we noted earlier [11] , reflectance measurements are much more sensitive to very small changes in surface contamination than transmission measurements. The spectral response (see Fig. 3 ) showed a distinct delineation between each trace. While reflectance does not directly correlate to flat plate PV performance, it was investigated as a proxy for field measurements.
Measurements were also collected with a 1-sun simulator, but the repeatability was too poor to include. In contrast, the repeatability of the QE measurements collected for the same samples was very good. The overall effect of soil accumulation on PV surfaces is a reduction in the light available to generate electron/hole pairs. Determining the most consistent technique to measure soil on a surface for comparison to other systems has been challenging. Many studies in the literature use different techniques, making comparisons between systems difficult. Mass loading has been a convenient metric to use for laboratory-based tests; however, determining the mass of soil on large arrays is cumbersome. These results illustrate a significant point regarding minimum soiling levels. With proper hardware, a minimum soiling threshold can be determined and used as an input to estimate losses with very fine detail. However, the utility of this level of detail must be matched to other uncertainties in the system.
C. Grime Patterning and Measurement Uncertainty
Reflectance measurements were shown to be the easiest determination of soil on glass coupons. Work by Murphy and Forman [8] used a glossmeter to determine soil loading, reported only in terms of measured gloss. These measurements were not directly correlated with mass loading; however, Murphy reported a particle composition effect in later work [9] , where composition rather than particle size as the primary property was emphasized.
In this study, we have demonstrated that reflectometry is a very sensitive measurement and may not adequately describe the effects of soil accumulation under all conditions. The reflectance correlates to transmission and QE measurements at low soiling levels as shown in Fig. 4 . In the figure, a linear fit was applied to each dataset for both the individual (10 and 20 g/l) and combined application techniques. The fit to transmission response agrees very well between the two sets indicated as dashed blue lines. The overall fit, shown as a solid line, is nearly overlapped by both individual curves. In contrast, the linear fits for QE measurements diverge significantly between the two application techniques. Since data points with excessively large uncertainty were not included, the QE data consists of fewer points, thus limiting the quality of the fit. In each case, the reflectance increase was more than double the transmission or QE measurements as illustrated by the 1:1 correlation line in Fig. 4 .
The most significant difference between the two measurement techniques (transmission versus reflection) is the procedure used to collect measured light. Transmission data were collected by directing light through the glass coupon either to an underlying PV cell (QE) or an integrating sphere (UV/vis). Both of these measurements capture the light after a single interaction with the soil on the glass surface. In contrast, reflectance measurements were collected with the glass behind the integrating sphere, enabling measurements of multiple scattering events. As a result, very small differences in the soil particulate size, composition, and interaction with the glass substrate are more likely to be observed in a reflectance measurement than transmission.
We have investigated agglomerate size effects in the asdeposited soil; looking specifically at the arrangement of particulate clusters rather than the size of individual particles. Application of very dense grime suspension was found to cause a nonuniform deposition pattern on the glass coupon. The suspension density was used to produce a range of soil patterns with a similar total mass loading. Dilute suspensions (10 g/l) produced highly uniform samples with a consistent measured area fraction. The grime patterning appeared visually uniform for the coupons prepared with the 10-g/l grime suspension. Microscopic inspection [see Fig. 5(a) ] indicated a homogeneous distribution of particles. The uniformity of the applied particle film decreased with increasing mass loading [see Fig. 5(b) ] as illustrated by the error bars in Fig. 6 . Very lightly coated coupons exhibit a similar mass loading and reflectance with a similar obscured area fraction. More heavily coated coupons follow an increasing trend; however, the uncertainty associated with these measurements also increases. The greater uncertainty indicates that heavily loaded coupons tend to have a less uniform coverage. Increasing uncertainty was likewise observed for measurements made with the QE, which uses a smaller probe spot than the spectrometer, and is, therefore, more sensitive to sample inhomogeneity.
When the grime solution density was increased to 20 g/l, the grime tended to aggregate in distinct droplets [see Fig. 5(b) ]. The more dense solution was difficult to apply in a consistent manner. As a result, the range of mass loadings and measured optical responses was greater than the corresponding range for samples prepared with 10-g/l solution. The data did follow the same general trend. When all of the samples are evaluated collectively (see Fig. 2 ), a strong linear trend can be seen for the transmission measurements with a mass loading less than 0.5 g/m 2 . The trend is weaker for greater mass loadings.
D. Comparison to Outdoor Samples
Soil collected by outdoor aerosol deposition on glass coupons was evaluated to determine chemical/mineralogical composition and morphology. A bimodal distribution of fine and coarse particulates was observed on the collected field samples. The center region accumulated a large quantity of fine particulates; however, the combined area only obscured 3.5% of the selected area [see Fig. 7(a) ]. In contrast, coarse particulates occurred more frequently in bulk regions (∼1 cm from the centroid and sample edge), resulting in a greater overall area coverage (4.8%).
Mineralogical analysis was conducted by XRF and XRD. Eleven constituent elements were identified (see Table I ) of which Si, Ca, K, and Al were matched to a corresponding phase identified by XRD. The remaining trace elements are commonly distributed in mineralogical samples and could not be attributed to a single component. We emphasize here that the goal of this study was to demonstrate a technique to replicate the effects of soil on PV surfaces using simple easily transferred techniques. Therefore, an exhaustive identification was eschewed in favor of identifying a few simple components, which could be easily (and consistently) sourced. This approach was intended to facilitate the adoption of this technique by the PV community. Quartz was positively identified as a component of the sand by XRD pattern match. The bulk of the Si signal from the XPS analysis was attributed to quartz. Other potential mineral components may include muscovite and calcite; however, the XRD pattern was not conclusive. As these are common minerals in many soils, and limestone in particular in the Commerce City region, they were included in the analysis. The K and Al signals were attributed to muscovite, KAl 2 (Si,Al) 4 O 10 (OH) 2 . The K signal was assumed to be entirely due to muscovite, which required that 13.8%-41.5% of the total mass be Al and 0%-27.7% of the mass be Si, depending on lattice substitution. A mixture of halloysite, kaolinite, and kyanite was likely present (see Fig. 9 ); however, for simplicity, was not incorporated in the synthetic blend. Therefore, approximately 63 wt.% of the mineral composition was assumed to be quartz, and 21 wt.% was attributed to muscovite. The remaining content (16 wt.%) was assigned to limestone (CaCO 3 ) and iron oxides. We emphasize here that a specific iron oxide phase could not be positively identified, and the iron signal from XPS was likely due to a multitude of iron impurities and trace compounds. Reflectance data were compared with prior scans of hematite and göthite containing grime [11] . The peaks observed in the field-collected sample loosely matched göthite (see Fig. 8 ) in the 300-450 nm range. An additional peak at 675 nm could not be matched to either göthite or hematite. Therefore, in order to produce an optical match to the field-collected soil, göthite was incorporated as the iron-containing pigment, despite the poor pattern match (see Fig. 9 ).
Quantifying the amount of carbon in the soil was difficult due to the limited amount of material recovered from fielded coupons. Titration analysis was not feasible, and TGA was inconclusive.
A simulant blend containing 64.7% AZ road dust, 1.6% soot, 19.9% muscovite, 13.8% CaCO 3 , and 7.8% göthite was prepared to match the field sample. The mineral composition was selected according to the best match to XPS and XRD data. Soot was added in small aliquots until a visual match to Fig. 8 . Comparison of transmission due to field-collected sample and iron oxide containing grime from [11] . The field sample may contain some göthite in common with laboratory samples. The remaining peak at 675 nm does not match the known hematite (Fe 2 O 3 ) behavior. field-collected soil was achieved. The bulk color profile was matched to Munsel swatch 5Y 4/4, which approximated the natural material profile 2.5Y 4/2. The prepared grime was applied to fresh cleaned coupons as described in Section II-A.
In general, natural soil or laboratory grime composition resulted in a predictable trend as a function of mass loading (see Fig. 10 ). The irregular patterning of the field collected samples caused some significant outliers, such as the coupons with 0.225 and 0.32 g/m 2 shown in Fig. 10 . However, the laboratory synthesized grime was an adequate match without requiring an exhaustive match of all the components in the field collected sample. A minimum soiling level can be determined, and the transmission effects replicated with laboratory techniques. Interestingly, the reflectance measurements made with laboratory synthesized grime were lower than the corresponding measurements of field samples. The slopes of the field and laboratory reflectance datasets are similar (see Fig. 10 ), but the magnitude of the field dataset is greater than the laboratory set. This is most likely due to composition and particle size variations between the field sample and synthesized grime. These small differences were undetectable by transmission measurement methods, but, due to multiple scattering (see Section III-C), were more pronounced by reflectance measurements. In this instance, individual particle shadowing becomes significant. For example, in Fig. 7(a) , a uniform coating of small particles obscures 14.1% of the image area. In Fig. 5(b) , a greater mass loading obscures a smaller area with a few dense spots. Note that this particular sample exhibited so much variation that it was not included in Fig. 6 . The shaded regions imaged in the microscope would present substantially different reflection areas. In contrast, the medium coverage samples shown in Fig. 5(c) and (d) present a much more comparable shaded area and reflectance (see Fig. 6 , region a). Extending this analogy to the measurable limit, Fig. 5 (e) and (f) shows very comparable patterning and reflectance (see Fig. 6 , region b).
An exact particle size distribution match was not feasible, as there was considerable variation within individual fieldcollected samples (see Fig. 7 ). The simulated grime is a suitable analogue to simulate transmission effects, but not reflectance. In order to prepare a grime simulant for reflectance tests, a more exact particle size match would be needed. Likewise, relying upon reflectance data to estimate soiling levels on outdoor modules is possible, but would require a thorough understanding of the soil composition, particle size, and surface patterning. The reflectance measurements made in this study could not be used to directly correlate soiling levels to transmission loss, likely due to the complexity of light scattering, as discussed in Section III-C. Transmission measurements were found to be much simpler, and were useful for evaluating the effects of different soiling levels.
IV. CONCLUSION
Mass measurement precision and accuracy is the primary limiting factor in determining a minimum level of loss due to soil accumulation. Sufficiently reliable measurements of grime mass loading could not be determined for a mass loading less than 0.1 g/m 2 . However, the sensitivity of both reflection and transmission measurements appear to be adequate to detect optical changes below this level of soiling for the selected soil type. Transmission loss of approximately 1% corresponds to average daily losses under heavy soiling conditions reported by [15] . Slightly greater mass loadings contributed to a 1%-2.5% reduction in J SC , which correlates to previous measurements [11] .
The UV/vis transmission data closely followed the measured QE response. Reflectance measurements followed a steeper trend, and were approximately twice the magnitude of the transmission and QE results for laboratory synthesized grime. Variations in composition, particle size, and accumulation pattern were likely significant factors in comparing reflectance measurements.
Grime simulants to replicate soil typical in Commerce City, CO, USA, matched the transmission behavior of field collected samples. A simple compositional analogue was sufficient to replicate the change in light flux reaching PV devices under low soil loadings. This technique could be easily adapted to study the transmission effects of a wide range of soils from around the world under controlled conditions. However, while transmission behavior is adequately replicated under low soiling conditions, the reflectance of the simulated grime was lower than the corresponding fielded samples. Secondary scattering is not suitably reproduced by the simple grime analogue.
Due to the variation in particulate patterning, quantitative comparisons between mass loading, obscured area, and change in transmission were not feasible. We emphasize here that soil composition causes very predictable reductions in transmission and cell response, but the physical patterning of the soil is not as easily quantifiable. Ultimately, when determining a minimum soiling level, PV instrumental sensitivity is a potential limiting factor. An appropriate test method must be selected to ensure that losses due to soil are outside the instrumental error. Surface reflectance may be a useful method to evaluate module soiling in the field. This level of detail will be useful to high performance CPV systems and large utility installations. Ongoing work to quantify higher order detail, such as variations in particle size and patterning, is underway.
